We determined the isothermal cross section through the ternary phase diagram Ti-Ni-Co at 900 "C by means of the diffusion couple technique and by the investigation of equilibrated alloys. The course of a number of diffusion paths was established. Use was made of optical, microprobe and X-ray analyses.
Introduction
In earlier publications on the systems Ti-Ni-Cu [l] , Ti-Ni-Fe [ 21 and Fe-Ni-Mo, Fe-Co-MO and Ni-Co-MO [3] we emphasized the usefulness of the diffusion couple technique in order to obtain reliable isothermal cross sections through phase diagrams.
The present work was started in order to compare the course of the diffusion paths in the three related systems Ti-Ni-Cu, Ti-Ni-Fe and Ti-Ni-Co, especially in couples of the type TiM,Mei _-x against M,Mei_, . In these couples phases related to TiNis often occur in various morphologies [ 1, 21 and in our opinion such a study may be of great interest in order to obtain more insight into the course of diffusion paths in multiphase ternary systems. Prior to this comparative investigation it was necessary to determine the cross section at 900 "C and the general course of diffusion paths in the Ti-Ni-Co system. The results of this study are the subject of the present paper.
In the literature a number of investigations have been carried out on multiphase diffusion and phase diagrams of the binary systems Ti-Ni and Ti-Co (see, for example, refs. 4, 5) For the ternary system we found only the data of van Vucht [6] on structures of compounds in the quasi-binary system TiNis-TiCos without any indication of the temperature and data on the same concentration range by Sinha [ '71 at 750 "C.
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Experimental procedure
In this investigation we used rods of titanium (99.97 wt.%) and nickel (99.99 wt.%) and cobalt foil (99.99, wt,%) 0.25 mm thick, supplied by Materials Research Corp. The various binary and ternary alloys were prepared by repeated arc! melting in argon, after which they were homogenized at 900 "C for at least 1 week in sealed evacuated silica capsules.
Diffusion couples were made in a special furnace in which slices of the starting materials were hot pressed by means of a set of weights for at least 64 h in a vacuum better than 10e6 Torr. After diffusion annealing, the couples were embedded, ground and polished parallel to the diffusion direction and, if necessary, were etched with a mixture of 10 wt.% H,Oa, 5 wt.% HF and 85 wt.% H,O. The couples and alloys were then investigated by means of optical microscopy, X-ray diffraction and microprobe analysis (JEOL Superprobe 733). For the microprobe analysis use was made of the MAGIC3B computer program by Colby [ 81 in order to convert the measured X-ray intensities into concentrations. In order to determine the penetration curves for the three elements, point measurements were carried out at intervals as short as were needed in view of the layer morphology.
Experimental results
A number of couple types together with the layers that developed are given in Table 1 . In couples with single-phase terminal materials most interfaces are planar, but the boundary TiNi-TiNia is unstable in a number of cases. Needles of TiNi, and/or Ti(N&Coo& protrude into the matrix of TiNi,Coi _%. Contrary to the observations in the Ti-Ni-Fe system but in agreement with those in the Ti-Ni-Cu system the boundary TiNisr(Ni,Co) is planar without needles of TiNis protruding into the y matrix. In Figs. 1 and 2 examples of both planar and. non-planar interfaces are shown.
Despite the small ~oncen~tion differences between adjacent phases in the Ti(Ni,Col _%)a region, they are easily distinguishable in the microprobe because of their clearly different appearance in the backscattered electron image. In layers consisting of these compounds the concentrations of nickel and cobalt were found to depend on the specific crystallites in these layers. Concentration differences occur between adjacent grains parallel to the original interface and therefore the penetration curves for nickel and cobalt depend on the lateral position of the microprobe trace.
In Table 2 the phases which are present in a number of equ~ib~t~ alloys are given according to optical, microprobe and X-ray diffraction analyses, together with some crystallographic information. 
Evaluation of the experimental results
In Fig. 3 the resulting 900 "C isotherm through the Ti-Ni-Co phase diagram is given. In Fig. 4 a number of diffusion paths are shown on this isotherm.
The phase diagram is dominated by the phases Ti,Ni,Co, -%, TM&o1 _-x and the three modifications in the Ti(Ni,Co)s region. Only in the two modifications of TiCo, can atoms of cobalt not be fully substituted by nickel.
From the crystallographic data in Table 2 corresponding phases in the Ti-Ni-Cu and Ti-Ni-Fe systems [l, 21 (Table 3) .
From Table 2 it follows that in the two-phase Ti,sNiaa alloy under the experimental conditions the titanium-rich TiNi compound has the same monoclinic structure that was found by Otsuka et al. [9] , This phenomenon is related to a martensitic transformation during quenching which we did not find in alloys where nickel is partly substitu~d by cobalt. The titaniumpoor TiNi,C!ol_, compounds all have the b.c.c. structure which, according to Gupta et al. [lo] , can exhibit an orientation relation with the TiNi structure.
The reason that we are interested in possible orientation relationships is the conspicuous two-phase character in some couples in which TiNi3-type compounds are involved. The needles of this phase which protrude into the TiNi phase in the present Ti-Ni-Co system or protrude into the r-(Ni,Fe) phase in the Ti-Ni-Fe phase suggest a causal connection between this phenomenon and the orientation-related structures involved. However, this orientation relationship cannot be the only factor which governs the twophase morphology, since in a number of couples with the same possible o~en~tion relationships the layers are bounded by planar interfaces.
Concerning the general determination of diffusion paths it seems appropriate to mention a particular difficulty. In some couples very steep concentration gradients occur which may easily cause a wrong extrapolation towards the interface concentration. This of course leads to incorrect constructions of the diffusion paths. As a result such a wrong path possibly cuts tie lines in two-phase regions, although the interface in the couple is perfectly planar. In our opinion the correct diffusion path in such a case has to be constructed by assuming equilibrium conditions in the couple. If one boundary concentration is exactly known, the other can be found from the tie . + .
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lines in the two-phase region. Therefore we state that in the case of a planar interface the diffusion path runs parallel to the tie lines; apparent deviations are caused by wrong extrapolations towards the equilibrium concentrations. The same problem arises when the equilibrium concentrations at the boundaries of precipitates in a two-phase layer are determined. In the absence of steep concentration gradients we always found that the concentrations agreed with the tie lines determined from equilibrated alloys. If steep gradients occur, extrapolations easily lead to apparent deviations. Again, we believe that equilibrium concentrations are present at the boundaries of sufficiently large precipitates. The peculiar isoconcentration contours found by Cheng and Dayananda [ll] in non-planar interface regions might be explained in this way.
An exception to this rule might occur if the structures of the two phases in question are thermodynamically nearly identical. This is so, for instance, in layers consisting of Ti(NiXCol _ X)3-type compounds. The substitution of nickel by cobalt is thermodynamically virtually indifferent. Equilibrium concentration values are then found at the interfaces with adjoining phases of other compositions in the couples. Inside the Ti(NiXCol _ X)3 layers, however, differences in the Ni:Co ratio may occur in a plane parallel to the original interface, possibly caused by effects such as the presence of grain boundaries or impurity atoms.
